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Abstract: Carbon dioxide (CO2) is considered as the prime reason for the global warming effect and
one of the useful ways to transform it into an array of valuable products is through electrochemical
reduction of CO2 (ERC). This process requires an efficient electrocatalyst with high faradaic efficiency
at low overpotential and enhanced reaction rate. Herein, we report an innovative way of reducing CO2
using copper-metal supported on titanium oxide nanotubes (TNT) electrocatalysts. The TNT support
material was synthesized using alkaline hydrothermal process with Degussa (P-25) as a starting
material. Copper nanoparticles were anchored on the TNT by homogeneous deposition-precipitation
method (HDP) with urea as precipitating agent. The prepared catalysts were tested in a home-made
H-cell with 0.5 M NaHCO3 aqueous solution in order to examine their activity for ERC and the
optimum copper loading. Continuous gas-phase ERC was carried out in a solid polymer electrolyte
(SPE) reactor. The 10% Cu/TNT catalysts were employed in the gas diffusion layer (GDL) on the
cathode side with Pt-Ru/C on the anode side. Faradaic efficiencies for the three major products
namely methanol, methane, and CO were found to be 4%, 3%, and 10%, respectively at −2.5 V with
an overall current density of 120 mA/cm2. The addition of TNT significantly increased the catalytic
activity of electrocatalyst for ERC. It is mainly attributed to their better stability towards oxidation,
increased CO2 adsorption capacity and stabilization of the reaction intermediate, layered titanates,
and larger surface area (400 m2/g) as compared with other support materials. Considering the low
cost of TNT, it is anticipated that TNT support electrocatalyst for ECR will gain popularity.
Keywords: electrochemical reduction; carbon dioxide; titanium oxide nanotubes; Cu nanoparticles
1. Introduction
It has been scientifically well established that carbon dioxide (CO2), a major greenhouse gas,
is the prime reason for the climate change and global warming phenomena in recent decades [1,2].
A substantial share of the anthropological CO2 comes from coal and natural gas-fired power plants,
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combustion of liquid fuels in automobiles, and other industrial activities [3–5]. Renewable sources
of energy (solar, wind) with suitable energy storage devices (batteries, supercapacitors, and fuel
cells) have been increasingly adopted to limit the CO2 generation [6–8]. Many processes such as
photochemical and electrochemical reduction, (CO2) dry reforming of methane have been devised
to chemically convert CO2 into high economic value products such as, methanol, ethanol, formic
acid, synthesis gas, methane, and ethylene, which are traditionally obtained from fossil fuels [3,9–11].
Electrochemical reduction of CO2 is an elegant method to transform CO2 into an array of valuable
products with many attractive features [12]. This process takes place in an electrochemical reactor
where the reduction of CO2 takes place at the cathode and water oxidation takes place at the anode
using electrical energy from a conventional grid or renewable source [13–15]. The main advantages
of electrochemical reduction of CO2 (ERC) are the requirement of benign process condition (room
temperature and atmospheric pressure) and tunable product distribution using different cathode
materials [16,17]. Moreover, in the near future, a steady supply of nearly pure and low-cost CO2 will
be available from the CO2 storage and underground sequestration (CSS) plants [18]. However, there
are some practical challenges for the large-scale utilization of the ERC process which include large over
potentials for the hydrocarbon product(s), low overall current density, and small faradaic efficiency for
the desired product(s) [19,20]. Since the early work of Hori et al. in 1986 [21], most of the transition
(metal and oxides), and noble metals have been explored as the cathode material in aqueous, organic,
and ionic liquid medium [22]. However, the solubility of CO2 in water or non-aqueous medium
remains poor at room temperatures and product selectivity is also low because at the high potential
range competing hydrogen evolution reaction (HER) predominates [23]. Hence, for ERC to become
economically viable, it is indispensable to develop non-precious metal electrocatalyst which offers low
over potential and high current density for the CO2 reduction reaction and high faradaic efficiency for
the desired product(s) by increasing the overpotential for the HER [23].
Copper is perhaps the most explored electrode material for the ERC. It is the only metal that has
been reported to form lower hydrocarbons (methane and ethylene), alcohols (methanol, ethanol, and
propanol), formate, and carbon monoxide with reasonable current density and faradaic efficiency [20,24].
Copper shows low hydrogen overpotential and adsorption of CO which leads to more reduced products
such as, methanol, and lower hydrocarbons [25–27]. Copper has been employed as an electrode in
various forms such as bulk metal [28,29], suspended copper particles [30], oxides of copper [31–34],
copper nano particles [26], copper nanowires [27], and copper nanocubes [35]. The overall performance
of the electrode depends on the physical nature (roughness, thickness, porosity) and chemical (oxidation
states, facet, grain boundary, and polycrystallinity) of the Cu electrodes.
It is well established that dispersing metals on high surface area, and electrically conducting
support materials leads to better utilization of precious metals, lower metal loadings, improved
activity, and stability in electrochemical reactions. Many carbonaceous support materials such as
activated carbon [36], carbon nanubes [37,38], graphenes [39], metal-organic frameworks [19,40], and
mesoporous carbon [41] have been explored recently as support material for ERC. Carbon-based
support materials experience corrosion at operating potentials above ~1 V which can lead to fast
deactivation of the catalysts due to loss of active metal sites and metal agglomeration [42]. Titanium
oxide (TiO2) has generated lots of interests as a support material for the electrochemical applications,
including ERC, due to its unique physical and chemical properties, excellent metal support interaction,
excellent stability in the alkaline and acidic environment, and low cost [10,43,44]. Titanium oxide has
been reported as support materials for borohydride oxidation [45], direct methanol fuel cells [46,47],
and direct formic acid fuel cells [48] Cueto et al. studied the electrochemical reduction of CO2 on
electrodeposited nanosized (250 nm) Ag particles on a thin film titanium oxide electrode to understand
the kinetics of ERC [49]. Ma et al. extensively investigated the ERC in a flow reactor and in aqueous
0.5 M K2SO4 solution standard H-cell to understand the role of TiO2 as support material and the
effect of Ag loading and particle size on the performance of Ag/TiO2 catalyst for the conversion CO2
to CO. They were able to produce CO with faradaic efficiency higher than 90% at partial current
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density 101 mA/cm2 with 40 wt.% Ag/TiO2 which is two times higher than 40% Ag/C. The beneficial
effect of TiO2 originates from its ability to promote the formation of small (~10 nm), well dispersed
Ag nanoparticles, increased CO2 adsorption capacity, stabilization of the intermediate and it also
serves as redox electro carrier [50]. Yuan et al. carried out electro-reduction of CO2 over high copper
loading up to 80% on titanium oxide. Among various composition, 40% Cu/TiO2 showed highest
faradaic efficiency of 27.4% for the ethanol formation. Trace amounts of methanol and propanol
was also detected in products. The catalysts showed excellent activity as well as enhanced stability
where current density of 8.66 mA/cm2 was maintained for more than 25 h of continuous performance.
The excellent activity was attributed to the synergic interaction between Cu and TiO2 nanoparticles
arising from strong metal support interaction [51]. In similar work, CuO supported on TiO2 was
thoroughly investigated for the ERC by Yuan et al. Ethanol, acetone, and n-propanol were detected
with an overall faradaic efficiency of 47.4% [52]. Better catalytic activity was associated with the
large electrochemical surface area and good CO2 adsorption capacity. Titanium oxides nanotubes
(TNT) are an interesting structural form of TiO2. Titanium oxide nanotubes could provide extra
features of the tubular structure while retaining the advantage of TiO2, that facilitates the charge
transfer during the electrochemical reaction and the high porous structure allows easier transport of
adsorbed intermediates to enhance the reaction rate. Qu et al. investigated the RuO2 loaded on TNT
as a potential electrocatalyst in 0.5 M NaHCO3 solution. They reported 60.5% faradic efficiency for
methanol in the aqueous phase. High activity was attributed to the unique tubular structure [53].
Most of the studies reported so far on ERC has traditionally been conducted in standard three-cell
electrodes in an aqueous or non-aqueous medium as the electrolyte at low current densities. The focus
has been on studying the fundamental aspects of kinetics and mechanism of the electrochemical
reduction on various electrode surfaces. However, for the ERC process to be economically viable for
commercialization, the reaction should be carried out in a continuous flow reactor at high current
densities (~200 mA/cm2) and in the gas phase to overcome the mass transfer issue originating from
the limited solubility of CO2 in aqueous and non-aqueous mediums [54,55]. Dewulf et al. carried out
ERC at the copper-coated Nafion 115 as solid polymer electrode to produce methane and ethylene with
the faradaic efficiency of more than 20% at room temperature [56]. Komatsu et al. reported a faradaic
efficiency of 19% for the major product, ethylene, at −1.7 V vs. SCE on solid polymer electrolyte (SPE)
prepared by coating copper on Nafion 117 membrane, while formic acid and CO were found to be
the major products in case of an anion exchange membrane SPE (Selemion AMV) [57]. Delacourt et
al. used a set up similar to the polymer electrolyte membrane fuel cell to produce syngas (CO + H2)
using unsupported Ag nanoparticles or Ag/C as a cathode catalyst. They introduced the concept of
adding a buffer layer of glass fiber soaked NaCHO3 to improve faradaic efficiency. They produced CO
with the efficiency of 82% and H2 efficiency of 10–15% [54,58]. Recently, Basu et al. reported an overall
faradaic efficiency of 39.6% for methane, methanol, and ethane as the major product in the ERC on gas
phase reaction over copper nanoparticles [26].
To the best of the authors’ knowledge, copper supported on TNT has never been studied as a
catalyst for ERC in a continuous gas phase solid polymer electrolyte reactor. In this work, we report
the ERC over Cu/TNT electrocatalysts containing different copper loadings (5%, 10%, and 20% by wt.)
in the aqueous sodium bicarbonate solution and in a continuous gas-phase SPE reactor.
2. Results and Discussion
2.1. XRD
X-ray diffraction (XRD) spectrum for the TNT samples with and without copper loading onto TNT
are shown in Figure 1. X-ray diffraction was carried out to investigate the different phases present in the
samples and to calculate the crystallite size of the phases. For the pristine TNT, prominent diffraction
peaks at 2θ angles of 24.8◦, 37.4◦, 47.8◦, 53.5◦, 55.3◦, and 62.2◦ were observed. These diffractions peaks
could be assigned to the (101), (004), 200), (105), (211), and (204) crystal planes, respectively, of the
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tetragonal anatase phase (JCPDS Card no. 21-1272) [59,60]. The two diffraction peaks at 2θ angles of
27.4◦ and 36.3◦ correspond to the spacing of (1 1 0) and (1 0 1), respectively, of the rutile phase (JCPDS
Card no. 21-1276) [59]. Here, the rutile content of the TNT was very small compared to the anatase.
It is generally known that in the hydrothermal synthesis of TNT, the heat treatment above 800 ◦C or
acid hydrothermal processes lead to the formation of rutile phase [60–62]. It is also possible that some
of the diffraction peaks of rutile phase TiO2 may not appear in the XRD pattern because the nanotubes
may be formed by the rolling up the two-dimensional sheets of TiO2 structure [63]. The effect of copper
loading on the TNT is depicted by the XRD spectra in Figure 1. From the XRD pattern for 5% Cu
deposited on TNT, it is evident that only copper oxide peak at 35.48◦ was visible, which corresponds
to phase (111) (JCPDS-050667). The crystallite size of the copper oxide was calculated using Scherer
equation, which was found to be 7.6 nm. The crystallite size plays important role in the catalytic
activity of the catalyst. At lower copper loadings, the small intensity of the peaks related to copper
metals may be due to the formation of Cu nanoparticles of highly dispersed and very small crystal size.
It could also be due to the absence of enough Cu material to form crystals [64]. It is to be noted that
peaks associated with anatase phase remained unchanged even after the copper loading. A similar
peak was found for 10% copper loading with crystallite size 2.2 nm. For 20% Cu on TNT, apart from
the anatase peaks, strong diffractions peaks appeared at 43.2◦, 50.2◦, and 73 ◦ which can be ascribed to
the (111), (200), and (220) planes of the copper in metallic phase (Cu◦) (JCPDS Card no. 85-1326) [65,66].
It shows that the CuO oxide, generated as a result of a deposition-precipitation process and subsequent
calcination at 450 ◦C in presence of Ar gas, was mostly reduced to the copper in the metallic state by
the 5% H2 in Argon. The crystallite size for the Cu (111) was calculated to be 18 nm. Therefore, it is
concluded that nanosized copper particles were successfully deposited on TNT keeping the original
structure of the TNT intact.
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2.2. SEM-EDX
Tube-like structure of titanium oxide was obtained by the alkaline hydrothermal method followed
by calcination. The structure and morphology of pristine TNT and copper loaded TNT were ascertained
using SEM, while EDX was used to identify and measure the “surface” composition of the catalysts.
Figure 2A,B shows the SEM image of the pristine TNT. The tube-like structure was obvious from the
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Figure 2B with lots of empty spaces. This shows the successful preparation of tube-like structure.
When copper was deposited, the metal was deposited on the surface of the TNT. As the loading of
copper increased, the empty spaces started to be filled up with copper metal and agglomerations
were visible. However, the original structure remained intact even after the deposition of Copper.
Figure 2C shows the EDX spectrum for the 20% Cu/TNT that clearly shows the peaks associated
with Cu, Ti, and O in the samples. The unlabeled peaks found in the 0.8–2.4 keV range is due to the
aluminum holder used for holding the sample. The composition of the catalysts is summarized in
Table 1. It further shows that the catalyst composition can be precisely controlled by the homogenous
precipitation-deposition method.
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Table 1. BET surface area and chemical composition.
Catalysts BET Surface Area (m2/g) Pore Volume (cm3/g) Cu (wt.%) Ti (wt.%) O (wt.%)
Degussa (P-25) 56.86 0.20 - 49.6 50.4
TNT 323.53 0.84 - 49.6 50.4
5% Cu/TNT 258.2 0.67 4.6 53.3 42.1
10% Cu/TNT 190.2 0.51 10.79 50.62 38.59
20% Cu/TNT 87.77 0.39 16.3 46.4 37.2
2.3. TEM
Transmission electron microscope (TEM) analysis was carried out to study the detailed
morphology of the prepared catalysts. Figure 3A shows the nearly spherical nanoparticles of 20 nm
average particle size that were present in the starting material, titanium oxide. Figure 3B–D show
the TEM images of the TNT and copper supported TNT catalysts. It is evident from Figure 3B that
well-developed and distinct nanotubes of 5–8 nm diameter and 180–200 nm length were formed as
a result of the alkaline hydrothermal process followed by calcination at 400 ◦C in presence of air.
The spherical titanium oxide particles present in the starting material were fully transformed into
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the tubular structure of TNT as a result of the alkaline treatment and calcination. It is also worth
mentioning that calcination at 400 ◦C did not alter the otherwise tubular structure of titanium oxide
nanotubes (Figure 3C). It is established in the literature that the morphology of the TNT depends on
the choice of the starting material [67]. Titanium oxide in the anatase form or a mixture of rutile and
anatase such as Degussa (P-25) generally favors the formation of well-defined nanotubes, which is also
confirmed from this work [63]. Figure 3C shows the TEM image for 5% Cu loaded TNT. Most of Cu
particles were located on the external surface of the TNT without incorporating clusters into the pores
of TNT. It is evident that spherical metal particles were well distributed on the surface of the TNT and
their mean particle size is 10 nm. Figure 3D,E shows the TEM images for 20% Cu/TNT. It can be seen
that the tubular structure of the TNT was mostly covered with the copper particles at higher loading.
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2.4. Nitrogen Adsorption–Desorption Isotherms
The Brunauer-Emmett-Teller (BET) surface area, pore volume, and pore size of the support
material and the copper supported catalysts are determined by N2 adsorption–desorption experiments.
The isotherms for Degussa, TNT support, and 20% Cu/TNT are shown in Figure 4. The results of
calculations are summarized in Table 1. The surface area and pore volume of the starting material
Degussa (P-25) were found to be 55.86 m2/g and 0.2 m3/g, respectively whereas the surface area and
pore volume of titanium oxide nanotubes were 323.53 m2/g and 0.8 m3/g. It is apparent that the
alkaline treatment and calcination led to a tremendous increase in the surface area and pore volume.
Formation of a very loosely contacted structure agglomeration with large empty intertubular spaces
could be the reason for the large surface area and pore volume [64,68]. Both the pore volume and
surface area decreased upon incorporation of Cu through homogenous precipitation-deposition method.
The surface area and pore volume for 20% Cu/TNT were found to be 87.77 m2/g and 0.39 m3/g.
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Figure 4. Nitrogen adsorption–desorption isotherms at 77 K for Degussa (P-25), TNT, and 20% Cu/TNT.
3. Electrochemical Measurements
3.1. Linear Sweep Voltammetry (LSV)
The electrocatalytic activity of the prepared catalysts for the electrochemical reduction of CO2
were evaluated using LSV electrochemical technique in a standard electrochemical cell described in
the experimental section. Pristine and TNT loaded with various amount of Cu (5, 10, and 20 wt.%)
were tested for ERC in an aqueous 0.5 M NaHCO3 solution saturated with CO2. The objective was
to evaluate the optimum copper loading on the TNT for the electrochemical reduction of CO2. It is
established that the supporting bicarbonate solution increases the ionic mobility thereby increasing
CO2 solubility, as well as discourages the H2 evolution reaction [26,69]. Figure 5 shows the LSV curves
for the prepared catalysts including the pristine TNT in the applied potential range of 0 to −3 V vs.
SCE. The electrocatalyst samples with high catalytic activity for the ERC show high current density in
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LSV in CO2 saturated sodium bicarbonate solution. Thus, the current density in the given potential
range can be used to compare the activity of the catalysts.
Catalysts 2018, 8, x FOR PEER REVIEW  8 of 19 
 
established that the supporting bicarbonate solution increases the ionic mobility thereby increasing 
CO2 solubility, as well as discourages the H2 evolution reaction [26,69]. Figure 5 shows the LSV curves 
for the prepared catalysts including the pristine TNT in the applied potential range of 0 to ·3 V vs. 
SCE. The electrocatalyst samples with high catalytic activity for the ERC show high current density 
in LSV in CO2 saturated sodium bicarbonate solution. Thus, the current density in the given potential 
range can be used to compare the activity of the catalysts. 
 
Figure 5. Linear sweep voltammetry for the prepared catalysts in aqueous 0.5 NaHCO3. 
It is well known that in the electrochemical processes, two competing reactions take place; the 
hydrogen evolution reactions (HER) and electrochemical reduction reaction of CO2. The HER 
becomes more active at higher potentials. Therefore, electrochemical cells are not operated at a very 
high potential at which mostly the HER takes place and the contribution from the ERC becomes 
negligible. Unfortunately, the ERC takes place at more negative potentials than required by the 
equilibrium, and this increase in the potential is known as over potential. As TNT is not a very good 
conductor of electricity, the ionic conductivity is imparted by electrolyte solution and Nafion® 
ionomer during the preparation of the catalyst coated electrode. It is required that the metal particles 
are well in electrical contact with the working electrode as well as with the electrolyte. Figure 5 shows 
that the current density increased slightly with adding 5% Cu metals and further the highest current 
is obtained for 10% Cu loading. The current density was found to decrease with further increase in 
the Cu loading to 20%. For example, the current density for 10% and 20% Cu loading on TNT at −1.5 
V are 0.0055 and 0.004 A /cm2, respectively. Current densities are comparable with the current 
densities reported in the literature. For example, Chang et al. reported a current density of 5.57 
mA/cm2 (0.00557 A/cm2) for Cu2O coated carbon cloth [33]. Recently, Rasul et al. carried out an 
electrochemical reduction in 0.5 M KHCO3 solution over oxide derived Sn–Pb–Sb and Cu–Sn alloy 
electrode surfaces. The current densities were found to be in the range of 7–10 mA/cm2 (0.007–0.01 
A/cm2) [70]. A similar range of current densities is reported by Lui et al. [71]. This observation is 
consistent with the physical characterization results explained in the earlier sections. Titanium oxide 
nanotubes as support material have several advantages over the conventional support material such 
as activated carbon. Titanium oxide nanotubes are very stable towards oxidation, are semiconductor 
in nature, have layered titanates, and have large surface area. Bhattacharya et al. studied the 
photochemical reduction of CO2 over the titania nanotubes and platinized titania nanotubes using 
FTIR. It was suggested that the Lewis acid and base sites generated on the periphery of the TNT 
increases the adsorption of CO2 on the surface of the TNT [72]. Further mechanistic studies should be 
Figure 5. Linear sweep voltammetry for the l ts in aqueous 0.5 NaHCO3.
It is well known that in the lectrochemical r , peting reactions take place; the
hydrogen volution reactions (HER) and electrochemical reduction reaction of CO2. The HER becomes
mor active at higher potentials. Therefore, electroch mical cells ar not operated at a very high
potential at which mostly the HER takes place and th contributi from the ERC becomes negligible.
Unfortunately, the ERC takes place at more negative p tentials than required by the e ilibrium, and
this increase in the potential is known as over potential. As TNT is not a very good conductor of
electricity, the ionic conductivity is imparted by electrolyte solution and Nafion® ionomer during the
preparation of the catalyst coated electrode. It is required that the metal particles are well in electrical
contact with the working electrode as well as with the electrolyte. Figure 5 shows that the current
density increased slightly with adding 5% Cu metals and further the highest current is obtained for
10% Cu loading. The current density was found to decrease with further increase in the Cu loading to
20%. For example, the current density for 10% and 20% Cu loading on TNT at −1.5 V are 0.0055 and
0.004 A /cm2, respectively. Current densities are comparable with the current densities reported in
the literature. For example, Chang et al. reported a current density of 5.57 mA/cm2 (0.00557 A/cm2)
for Cu2O coated carbon cloth [33]. Recently, Rasul et al. carried out an electrochemical reduction in
0.5 M KHCO3 solution over oxide derived Sn–Pb–Sb and Cu–Sn alloy electrode surfaces. The current
densities were found to be in the range of 7–10 mA/cm2 (0.007–0.01 A/cm2) [70]. A similar range
of current densities is reported by Lui et al. [71]. This observation is consistent with the physical
char cterization results explained in th earlier sections. Titanium oxid nanotubes as support material
have several advantages over the conventional support mat rial such as activated carbon. Titanium
oxide notubes are very stable towards oxidation, are emi onductor in nature, have layere titanates,
and have large surface area. Bhattacharya e al. studied the photochemical reduction of CO2 over
the titania nanot bes and platinized titania nanotub s usin FTIR. It was suggested that the Lewis
acid and base sites generated on the periphery of the TNT increases the adsorption of CO2 on the
surface of the TNT [72]. Further mechanistic studies should be conducted to understand the exact
nature of the enhancement mechanism in the ERC. Several theories are invoked here to explain the
LSV results. At lower metal loading (say 5%), not enough metal nanoparticle active sites are present
to make crystals and to catalyze the ERC effectively. However, at very high metal loading (20 wt.%
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or more), the catalyst shows excessive agglomeration of copper nanoparticles, as shown in the TEM
micrographs. In addition, the pores present in the pristine TNT are blocked at higher metal loading
which leads to the decrease in pore volume and BET surface area (Table 1). As a result, the catalysts
behave like bulk copper metal at high metal loading. These effects result in a decrease of reduction
current at higher metal loading. This type of behavior is very common in catalysis [73,74]. For example,
Basu et al. [73] prepared Sn/ZSM and Sn/ γ-Al2O3 catalysts to act as electrocatalyst for the ECR.
The optimum metal loading was found to be 20% due to optimum loadings reaching to percolation
limit and blocking of pores at higher loadings. It was also suggested that the percolation limit could be
different for different support materials. In the case of TNT, the percolation limit is apparent between
10% and 20% metal loading. Therefore, it can be concluded that the catalysts with 10% Cu loading
provide sufficient active metal site concentration, as well as a high surface area of the support which
results in high current density in LSV experiments.
The electrocatalytic activity of the Cu/TNT catalysts in presence of nitrogen and carbon dioxide
were confirmed by the carrying out LSV scans of 10% Cu/TNT in CO2 saturated and N2 saturated
0.5 M NaHCO3. The LSV curves are presented in Figure 6. The difference in reduction current density
in the two curves, especially at lower potentials, arose from the current density from the electrochemical
reduction of CO2. Two competing reactions, HER and ERC, took place on the Cu/TNT in aqueous
0.5 M NaHCO3 solution saturated with CO2. However, under the N2 purged condition (in absence
of CO2) all the current density was solely due to HER. This shows that Cu/TNT is active for the
ERC [37,75]. The onset potential of the ERC measured here is more positive than −1.0 vs. SCE [33,76]
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3.2. Chronoamperometry (CA)
Apart from the activity test, a long-term performance test of the prepared catalysts was conducted
by doing chronoamperometry analysis at −1.7 V for 100 min. The rationale behind using −1.7 V is that
voltages over this may produce hydrogen overwhelmingly [25]. Figure 7 shows the chronoamperometry
results for the electrocatalysts [33,76–79]. It can be observed that the catalysts were stable at the potential
for 100 min. Trends for chronoamperometry results were in accordance with LSV results.
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4. Fuel Cell Results
Electrochemical reduction of CO2 was carried out in a continuous electrochemical reactor.
The experimental setup is described in the experimental setup section. The solid polymer electrolyte
membrane-based reactor uses 10% Cu/TNT as cathode and Pt-Ru/C as anode catalysts. The product
analysis was carried out for the applied potentials −0.5, −1.5, −2.5, a −3.5 V with NHE as a reference
potential. The gaseous products were collected in a Tedlar® gas sampling bag and analyzed using a
GC. The detailed procedure to calculate the faradaic efficiency from composition data is similar to our
previous paper [37]. The faradaic efficiency of the reduction products at different applied potentials is
presented in Figure 8. Methanol, methane, CO, and H2 are formed as major reduced products as a
result of the electrochemical reduction of CO2. Moreover, results show that the product distribution
and their faradaic efficiency markedly change with the change in the applied potential. It is important
to note that some of the C2+ organics have been missed during sample collection procedure and in
the headspace of the GC-FID detector. Therefore, the total faradaic efficiency may not be summed to
100%. Most of the reported researches have focused on the electrochemical reduction of CO2 in the
liquid phase in a half cell, whereas there are very few reports on continuous fuel cell like polymeric
electrolyte membrane (PEM) electrochemical reactor. Yamamato [36] carried out the ERC on Cu/ACF
electrocatalyst as gas diffusion electrode in a 0.5 M NaHCO3 solution. Hydrogen was the major product
along with trace amount of methane. Yamamoto et al. [80] also reported the electrochemical reduction
of CO2 over Ni/ACF in a fuel cell PEM electrochemical reactor with CO and H2 as the major product.
The faradaic efficiency for CO and H2 was 78% and 15%, respectively, at −1.9 V vs. SCE. Our group
reported the production of CO and H2, syngas, from CO2 on NiO/MWCNT. It was concluded that
the CO and H2 ratio in syngas could be adjusted using appropriate applied potential [37]. Delarcourt
et al. reported excellent faradaic efficiency, 90% for CO at 80 mA/cm2 for CO2 reduction over Ag/C
based Nafion membrane cathode for the gas diffusion layer with KHCO3 saturated buffer layer in
a continuous electrolysis cell [54]. Garg et al. carried out electrochemical reduction of CO2 in gas
phase continuous reactor similar to Delarcourt et al. with Nafion as solid electrolyte, and copper
nanoparticles and Pt/C as cathode and anode, respectively. Methanol and methane were reported
to be the major products with an overall faradic efficiency to 39.6% [26]. A large number of CO2
reduction products were identified on copper foil electrodes, with methane, CO, and hydrogen among
the major products. The faradaic efficiency for methane was estimated to be approximately 40% at
−1.2 V [81]. Basu et al. [73] have recently published a report of the ERC on Sn/ZSM and Sn/γ-Al2O3
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in the continuous electrochemical cell. They reported CO, H2, and methane as a major reduction
product at −2 V with 20.4% as the faradaic efficiency for methane. In this work, the faradic efficiency
for methanol slightly increased from 2% to 4% when the applied potential was increased from −1.5 to
−2.5 V. With further increase in the potential, the faradaic efficiency for methanol decreased. Methane
was produced in very small quantity. A trend similar to the faradaic efficiency for methanol was
observed for the faradaic efficiency for CH4. The faradaic efficiency for CO increased to approximately
10% when the applied potential was increased from −1.5 to −2.5 V. The highest faradaic efficiency
for methanol and CO were observed at −2.5 V with a current density of 120 mA/cm2. It is also
worth noting that hydrogen was produced at all non-zero potentials. The origin of hydrogen gas
was the hydrogen evolution reaction, which involved electrolysis of water. It was seen that faradaic
efficiency for hydrogen increased steadily with the increase in applied potential. Hydrogen was
produced at higher potentials at the expense of the products from the electrochemical reduction of
CO2. A quantitative comparison of results obtained in this work with some representative published
works on supported electrocatalysts for ERC is presented in Table 2. It is evident that our results are
comparable with the reported studies. However, the low total faradaic efficiency could be due to the
ohmic losses in the cell, failure to identify all the products by the gas chromatograph, and possible
small leakage in the reactor system. However, we need to further optimize the reactor configuration
and operation, and experimental conditions to fully exploit the beneficial features of titanium oxide
nanotubes as support material for ERC.
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Table 2. Comparison of the representative research works on supported electrocatalysts for the electrochemical reduction of CO2.
Catalyst Catalyst Support Reaction Medium Main Products (Faradaic Efficiency, %) Applied Potential (V) Reference
Cu/TiO2 NTs TiO2 NTs Continuous Flow reactor 10% CO, 5% for methanol, with current density of 120 mA/cm2 −2.5 V vs. NHE This work




0.85 V vs. NHE Yuan et al. [82]
RuO2/TiO2 NTs TiO2 NTs Aqueous 0.5 M KHCO3 60.5% methanol −0.8 V vs. SCE Qu et al. [53]
Cu2O/CNT CNT Aqueous 0.5 M NaHCO3 38.0% methanol with current density of 7.5 mA/cm2 −0.8 V vs. NHE Malik et al. [83]
SnO2/MWCNT MWCNT Aqueous 0.5 M NaHCO3 27.2% for formate with current density 80 mA/cm2 −1.7 V vs. SCE Bashir et al. [74]
Sn/ZSM-5 ZSM-5 Continuous flow reactor 20.6% for methane with current density of 190 mA/cm2 −2 V vs. NHE Basu et al. [73]
Ag/C Carbon Continuous flow reactor CO/H2 (1:2)Total current density of 80 mA/cm2 −2 V vs. SCE Delacourt et al. [54]
Ag//TiO2 TiO2 Continuous Flow reactor >90%, Partial current density for CO of 101 mA/cm2 −1.8 vs. Ag/AgCl Ma et al. [50]
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5. Materials and Methods
5.1. Chemicals
Copper nitrate trihydrate, sodium hydroxide, hydrochloric acid, and urea were purchased from
Merck®, Darmstadt, Germany. Titanium oxide (Degussa P-25: 75% anatase and 25% rutile) was
provided free of cost as a compliment from Cristal Global, Thann, France. Nafion membrane and
5% Nafion solution were purchased from Sigma Aldrich®, St. Louis, MO, USA. Analytical grade
sodium bicarbonate was purchased from VWR International, Radnor, PA, USA. High purity (99.99%)
nitrogen, argon, and carbon dioxide gases were procured from Abdullah Hashim Gas Co., Jeddah,
Saudi Arabia. All chemicals were used as received without any further treatment. Deionized water
purified by Millipore® water purification system was used in all experiments.
5.2. Synthesis of Titanium Oxide Nanotubes
The titanium nanotubes were synthesized using a hydrothermal process according to the
procedure summarized in the literature [84]. In brief, titanium oxide powder in the mixed anatase and
rutile form as Degussa P-25 was used as a starting material. A total of 50 mL of 10 M NaOH was taken
in a Teflon beaker and gradually heated until 120 ◦C. At 120 ◦C, 2 g of the Degussa powder was added
under vigorous mixing. The solution was refluxed at 120 ◦C for 36 h. The white slurry was treated
with 200 mL with 5% HCl solution at 60 ◦C with stirring, and then washed copiously with deionized
water until neutralization. The slurry was air dried at 110 ◦C for 3 h. The dried powder was calcined
in a furnace at 400 ◦C for 5 h to convert an amorphous phase to well-defined crystallite anatase phase.
5.3. Catalyst Preparation
Copper was loaded on the support material by homogenous precipitation deposition method
reported by Cao et al. [85]. Firstly, the calculated amount of preheated Degussa (P-25) was suspended
in 200 mL deionized water by sonicating for 30 min. Then, an appropriate amount of copper nitrate
was added in the suspension under constant stirring. For example, to achieve 5% copper loading
in the final catalysts, 232.8 mg of copper nitrate hexahydrate was added to 950 mg of the support
material. The suspension was further stirred and sonicated for one hour to completely dissolve
the copper nitrate salt to make a homogenous suspension. The resulting suspension was heated
under vigorous stirring until the suspension temperature reaches 90 ◦C. To this suspension, 30 mL
of 0.42 M aqueous urea solution was added drop by drop. The suspension was maintained at
90 ◦C with vigorous stirring for deposition to take place. At 90 ◦C, hydrolysis of urea takes place at a
reasonable rate so the hydroxyl ions react metal ion resulting in the precipitation as the metal hydroxide.
After allowing precipitation-deposition for about 8 h, the slurry was cooled to room temperature,
centrifuged, thoroughly washed with deionized water, and dried at 110 ◦C for 5 h. The powder was
calcined at 450 ◦C in argon flow in a tubular furnace. The calcined samples were finally reduced at
450 ◦C in 100 mL/min 10% H2/Ar flow for 4 h. This method was repeated with different amount of
the copper nitrate for synthesizing catalysts with 5%, 10%, and 20% by weight copper loading.
5.4. Physical Characterization
X-ray diffraction was performed to identify the crystalline phases and to determine the size of the
Cu particles. The XRD profiles were recorded by using a diffractometer (Rigaku D/MAX-IIIA, 3 kW)
for 2θ between 20◦ and 80◦.
Field emission scanning electron microscope equipped with energy dispersive X-ray spectroscopy
(FESEM) (JEOL JSM-6460LV) and high-resolution transmission electron microscopy (HRTEM)
(JEOL-JEM-2100F) were used to investigate the morphology, microstructure, and composition.
Nitrogen adsorption and desorption studies were carried out to calculate the surface area, pore
volume, and average pore diameter using liquid nitrogen temperature at 77 K using Micromeritics
model ASAP-2010.
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6. Electrochemical Analysis
6.1. Half Cell
Catalytic activities of the as-prepared catalysts were determined by linear sweep voltammetry
(LSV) and chronoamperometry (CA). Electrochemical studies were carried out in a conventional
indigenously made H-type cell (0.5 dm3) with anode and cathode compartments separated by a proton
conducting Nafion-117® membrane (Figure 9). The compartments were separated to prevent the
cathode and anode products being mixed. Catalyst ink prepared by ultrasonicating 80 mg of the
prepared catalysts along with iso-propanol and 0.82 mL of 5% Nafion solution for 30 min. The catalyst
ink was then brush-painted on Toray® carbon paper. The catalyst coated (or uncoated) carbon paper
and platinum mesh were used as working electrode and counter electrode, respectively. Active surface
area of the working electrode and counter electrode were 1.0 and 8.0 cm2, respectively. Standard
calomel electrode (SCE) was used as the reference electrode in all the experiments. A 0.5 molar aqueous
solution of sodium bicarbonate was used both as catholyte and anolyte. Firstly, the catholyte solution
was purged with high purity nitrogen for 30 min at 50 mL/min and, then with high-purity carbon
dioxide at 100 mL/min for 1 h. The pH before and after CO2 purging was measured to be 8.67 and
7.38, respectively. Linear sweep voltammetry was carried out from 0 to−3 V with scan rate of 25 mV/s
and chronoamperometry at −1.7 V for 6000 s. All electrochemical experiments were performed
with Autolab PGSTAT 302 potentiostat/galvanostat (Metrohm, Herisau, Switzerland) equipped with
Nova® software.
Catalysts 2018, 8, x FOR PEER REVIEW  14 of 19 
 
6. Electrochemical Analysis 
6.1. Half Cell 
Catalytic activities of the as-prepared catalysts were determined by linear sweep voltammetry 
(LSV) and chronoamperometry (CA). Electrochemical studies were carried out in a conventional 
indigenously made H-type cell (0.5 dm3) with anode and cathode compartments separated by a 
proton conducting Nafion-117® membrane (Figure 9). The compartments were separated to prevent 
the cathode and anode products being mixed. Catalyst ink prepared by ultrasonicating 80 mg of the 
prepared catalysts along with iso-propanol and 0.82 mL of 5% Nafion solution for 30 min. The catalyst 
ink was then brush-painted on Toray® carbon paper. The catalyst coated (or uncoated) carbon paper 
and platinum mesh were used as working electrode and counter electrode, respectively. Active 
surface area of the working electrode and counter electrode were 1.0 and 8.0 cm2, respectively. 
Standard calomel electrode (SCE) was used as the reference electrode in all the experiments. A 0.5 
molar aqueous solution of sodium bicarbonate was used both as catholyte and anolyte. Firstly, the 
catholyte solution was purged with high purity nitrogen for 30 min at 50 mL/min and, then with 
high-purity carbon dioxide at 100 mL/min for 1 h. The pH before and after CO2 purging was 
measured to be 8.67 and 7.38, respectively. Linear sweep voltammetry was carried out from 0 to −3 
V with scan rate of 25 mV/s and chronoamperometry at −1.7 V for 6000 s. All electrochemical 
experiments were performed with Autolab PGSTAT 302 potentiostat/galvanostat (Metrohm, 
Herisau, Switzerland) equipped with Nova® software.  
 
Figure 9. Schematic diagram of half-cell assembly. 
6.2. Continuous Solid Polymer Electrolyte Membrane (SPE) Reactor 
The continuous electrochemical reactor setup used in this study is shown in Figure S1 
(Supplementary Materials). Carbon dioxide was passed through a hydrocarbon trap to remove any 
trace hydrocarbon present in the reactant gas stream. The flow rate of the gas was 20 mL/min. Gas 
flow was controlled by a mass flow controller. The tubing for the line is ¼ inch (63.5 mm). Then, a 
dewpoint humidifier with gas heating was installed in the line to humidify the CO2 gas flow. A 
hygrometer was installed in the line to measure the moisture content and temperature of the gas 
stream. This humidified CO2 gas was fed to the cathode side of the cell. The issuing gas from the 
reactor was first passed through a water trap to remove any moisture. In between the backpressure 
regulator and electrochemical cell, a sampling point for gas chromatography was provided by a ball 
valve. Another flow loop was to use a water tank of 5 L and a peristaltic pump was used to deliver 
water to the anode of the sides of the electrochemical reactor. The electrochemical reactor cell was 
similar to systems that are used for fuel-cell studies [54]. The cell was composed of two blocks in 
Figure 9. Schematic diagram of half-cell assembly.
6.2. Continuous Solid Polymer Electrolyte Membrane (SPE) Reactor
The continuous electrochemical reactor setup used in this study is shown in Figure S1
(Supplementary Materials). Carbon dioxide was passed through a hydrocarbon trap to remove
any trace hydrocarbon present in the reactant gas stream. The flow rate of the gas was 20 mL/min.
Gas flow was controlled by a mass flow controller. The tubing for the line is 1/4 inch (63.5 mm).
Then, a dewpoint humidifier with gas heating was installed in the line to humidify the CO2 gas flow.
A hygrometer was installed in the line to measure the moisture content and temperature of the gas
stream. This humidified CO2 gas was fed to the cathode side of the cell. The issuing gas from the
reactor was first passed through a water trap to remove any moisture. In between the backpressure
regulator and electrochemical cell, a sampling point for gas chromatography was provided by a ball
valve. Another flow loop was to use a water tank of 5 L and a peristaltic pump was used to deliver
water to the anode of the sides of the electrochemical reactor. The electrochemical reactor cell was
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similar to systems that are used for fuel-cell studies [54]. The cell was composed of two blocks in which
channels were machined and were used as current collectors as well as to feed gaseous (humidified
carbon dioxide) or liquid (water) reactants to the cathode and anode respectively. The cathode block
was made of graphite treated to make it nonporous. As it can be anticipated that graphite will be
oxidized upon electrolysis at the anode, polytetrafluoroethylene (PTFE) was chosen as a material for the
anode block. The flow pattern was the same as that in the fuel cell. A platinum screen placed between
the PTFE block and the electrode was used as current collector. It was connected to the external circuit
by means of a platinum wire through the PTFE block. The membrane-electrode assembly (MEA)
was placed between the two blocks. The active area for the cell was 25 cm2. The whole sandwich
was placed between two aluminum/stainless steel frames with eight bolts of diameter (1/4 inch)
0.635 cm fastened. Two stainless-steel plates or aluminum plates (15 cm × 10 cm × 2 cm) were used
as back plates to provide mechanical strength and just like fuel cells, the anode and cathode had
channels for reactants and products. The product from the cathode compartment was analyzed using
an Agilent 7890A gas chromatograph (Agilent Technologies, Santa Clara, CA, USA) equipped with
thermal conductivity (TCD) and flame ionization detectors (FID). In short, this was essentially fuel cell
hardware with PTFE anode. All other features were kept unchanged.
7. Conclusions
Titanium oxide nanotubes are synthesized using the alkaline hydrothermal method and used
as support material for electrocatalyst for the electrochemical reduction of CO2. It is clear from the
characterization results that titanium oxide nanotubes (diameter 2–4 nm) with the exceptionally high
surface area (395 m2/g) are produced by the alkaline hydrothermal process. Nanosized copper particles
are successfully deposited on the high surface area support material. The LSV and chronoamperometry
results show that all the prepared catalysts effectively reduced CO2 in aqueous 0.5 NaHCO3 solution,
while catalyst with 10% Cu loading showed the highest current density. Methanol was detected in the
liquid phase. It is speculated that 10% Cu loading provides a percolation limit for the TNT support
and the further increase in loading severely reduced the surface area and pore size of the catalysts.
Methanol, methane, CO, and hydrogen are detected as a product in continuous SPE reactor with the
optimum catalyst (10% Cu/NT). The faradaic efficiency for methanol, methane, and CO are found to
be 4%, 3%, and 10%, respectively, at −2.5 V.
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